Abstract -The biological and physiological activities of milk proteins are partially attributed to several peptides encrypted in the protein molecules. These peptides can be liberated by enzymatic digestion in vitro and in vivo. Among the biologically active molecules, phosphorylated peptides (caseinophosphopeptides, CPP) are known to exert an effect on calcium metabolism but also on other minerals. While the existing discrepancy on the potential role of CPP on calcium availability has not been clarified, the results of our previous studies showed that a purified phosphopeptide (β(1-25)) exhibits a positive effect on iron bioavailability in vivo. Here we report the main results on the efficiency of β(1-25) in the absorption and availability of iron as well as on the mechanism involved. milk / bioactive peptide / phosphopeptide / iron bioavailability
INTRODUCTION
Milk proteins are today largely known for their high nutritional value. They include remarkable techno-functional properties largely exploited by food industries. Since the end of the 1980s, both research scientists and the industry have become increasingly interested in both the biological and physiological properties of these proteins. Indeed, over the last several years, it has been shown that these proteins (caseins, lactoserum proteins) have different biological activities in vitro and in vivo. Table I gives several examples of bioactive molecules from milk and their precise functions. Besides the activities of the intact molecules, we know today that these proteins are the precursors of different peptide sequences possessing varying biological activities.
Amongst these principal activities, there are anti-hypertensive, anti-thrombotic, immunomodulating, oligoelement transportation, enzyme inhibition or digestive function modulation effects [1] . As a consequence, these peptides are susceptible to interact in physiological mechanisms by regulating the necessary functions of the organism (digestion, immunity...). The evolution of the research in the sector of bioactive peptides from milk during the last 30 years is illustrated in Table II. The bioactive peptides are generally generated in vitro by the action of diverse available digestive enzymes. They are also formed during the elaboration of milk products (cheese, yoghurt) under the action of endogenous enzymes of milk (plasmin, cathepsin...) or of micro-organisms. 
PHOSPHOPEPTIDES AND BIOAVAILABILITY OF MINERALS
The caseinophosphopeptides (CPP) are strongly phosphorylated peptides obtained by enzymatic digestion of caseins. As shown in Figure 1 , CPP from β, α s1 , α s2 caseins possess a common acidic motif composed of three phosphorylated serines followed by two glutamic acids. These molecules are available today on a large scale and are commercialised by different international companies. The CPP have a strong capacity to fix nutritionally interesting divalent cations such as calcium, iron or zinc, thus making them stable and soluble in different physico-chemical conditions in particular of pH [2, 3] . This mineral binding capacity is conferred by the acidic domain of the CPP. Due to this property, several researchers claimed that CPP are involved in intestinal absorption of minerals, in particular of calcium, with however, contradicting results: the CPP improve the absorption of calcium in the rat by limiting the precipitation of this mineral in the intestine and also the absorption of calcium and zinc in the human adult, but do not show a positive effect in other studies in the rat or pig. The reader may refer to recent reviews in this domain [4] [5] [6] . The origin of these differences may be of Table II . Evolution of research on biologically active milk-derived proteins and peptides. Current studies on the role of phosphopeptides in the use of calcium are focused on a better consideration of the different factors affecting the bioavailability of calcium on the one hand and on the exploration of the mechanisms involved on the other hand. Concerning this latter point, a recent study has shown that the phosphorylated region as well as the N-terminal part are necessary for a positive effect of the phosphopeptides on the uptake of calcium by human cells in culture (HT-29) [7] .
Even though there is a lot of literature on the potential role of these CPP in the absorption of calcium, little work is available, however, on other minerals and trace elements. A deficiency in trace elements represents a major public health problem, by their frequency and their functional consequences. For iron, the risk of a deficiency is major in developing countries, but it also represents a public health problem in France: 15-20% of newborns and 20-30% of women in child-bearing ages or pregnant have an iron deficiency [8] .
Over the last several years, we have been developing a research programme on the role of CPP in the bioavailability of iron. In particular, we have used an approach that favours the use of a pure and well-characterised phosphopeptide in parallel with mixed CPP and their different fractions. The phosphopeptide studied is the β(1-25) derived from bovine β-casein that contains 4 phosphoserine residues in its sequence ( Fig. 1) and can fix 4 to 5 iron atoms with a high affinity [2, 9] . At first, the studies in rats have allowed to show the efficiency of β(1-25) on the absorption and bioavailability of iron [10] , an efficiency that was confirmed in a first clinical study [11] . Then, the mechanism of absorption of iron associated with the phosphopeptide as well as the effect of the presence of other minerals (zinc) were studied using the perfusion of a ligated rat duodenal loop segment [12] [13] [14] .
PHOSPHOPEPTIDES AND IRON

Bioavailability of iron complexed to the β(1-25) phosphopeptide
The bioavailability of iron in the iron-β(1-25) phosphopeptide (Fe/β(1-25)) was studied in the rat using metabolic and blood evaluations as well as iron concentration in the tissues of target organs (liver, spleen). As a comparison, two other forms of iron, inorganic (FeSO 4 or iron gluconate) and iron complexed to β-casein were also used. Two levels of intake were used: a pharmacological intake of 200 mg Fe·kg -1 of diet, the equivalent of a supplementation to correct a deficiency, and a dietetic intake of 40 mg Fe·kg -1 of diet. The results obtained have shown that β(1-25) is a good vector of the absorption and the bioavailability of iron. The group of animals having received the iron/phosphopeptide complex showed a better improvement in the blood parameters relative to the iron level in comparison with the groups having received iron as the two other forms. In addition, the Fe/β(1-25) group showed a stock of iron in the tissues (liver, spleen) which was higher than that of the Fe/β casein and FeSO 4 groups. The concentrations of iron in the liver and spleen were 1.5 to 3 times higher with β(1-25) than with FeSO 4 or β casein and this for the two initial intakes in iron [10] . These results obtained in the rat were confirmed in a preliminary clinical study, comparing Fe/β(1-25) and iron sulphate. The quantity of iron stocked in the organs seven days after the ingestion of a unique dosage is higher in the group having received the Fe/β(1-25) complex [11] .
The positive results obtained with β(1-25) cannot be maintained when the iron is already complexed with whole caseins or total phosphopeptides (CPP). The studies that we have done on the different phosphopeptide fractions show that the biological effect is strongly dependent on the sequence of phosphopeptides and thus on its relative affinity towards iron atoms. The phosphopeptides derived from α s caseins, more strongly phosphorylated, have a tendency to decrease the quantity of iron available biologically [15] . The superiority of β(1-25) as a vector as compared to the phosphopeptides of α s -casein has also been observed recently in the uptake of calcium by culture cells [7] . These results underline the importance of the physicochemical properties of these complexes on the expression of their biological activity.
Mechanism of absorption of the iron complexed to β(1-25)
This study was performed ex-vivo on an isolated and perfused rat intestine. The first part concerned the analysis by comparative mass spectrometry of the molecules present in the luminal contents after perfusion with solutions containing β(1-25) alone, the Fe/ β(1-25) complex or FeSO 4 . The results obtained suggest that the phosphorylated part of this vector i.e. the β(14-24) central sequence, is the molecular entity implicated in the transfer of iron through the intestinal membrane [12] . In other respects, the use of specific inhibitors for the different metabolic pathways of transport permitted to explain in part the positive effect observed with the Fe/β(1-25) complex. The inhibitors used were the 2-4 dinitrophenol (DNP), an inhibitor of oxidative phosphorylation and/or phenylarsine oxide (PAO), an inhibitor of endocytosis. They were added into solutions containing iron either as the gluconate form or complexed with β(1-25). As is shown in Table III , the percentage of iron absorbed was significantly higher in the group having received the Fe/ β(1-25) complex. For the two forms of iron, most of the iron absorbed (65-70%) followed an energy-dependent transport pathway. The other part was absorbed by a passive pathway for inorganic iron. However, a non-negligible contribution of absorption by endocytosis (about 20% of absorbed iron) was observed in the Fe/β(1-25) group (Tab. III). Thus, a part of Fe/β(1-25) complex seemed to be absorbed by an endocytosis phenomena, besides the usual pathways for ferruginous transport [13] .
Effect of other minerals (calcium, zinc)
It is known that calcium and zinc (Zn) can affect or enter into competition with iron as a membranous receptor implicated in the transport of minerals towards the enterocyte. The study that we carried out showed that the use of β(1-25) allows to strongly reduce the inhibiting effects of zinc and calcium on the absorption of iron by the isolated and perfused rat intestine. For a molar ration Zn/Fe = 5, zinc inhibits about 50% of the absorption of iron. This rate of inhibition is reduced to 5% when iron has been previously fixed to β(1-25) [14] . The same tendency was obtained in the presence of calcium. With a concentration in calcium two times higher than that of iron, the phosphopeptide reduces to half the inhibiting effect of calcium on the absorption of iron.
CONCLUSION
The presence of bioactive peptides in food proteins in general and in milk in particular is now well documented and constitutes both a scientific and technological challenge. It is important for the future to consider more thoroughly what the activities of these molecules become, their stability in the complex food matrices and how to master the different types of interactions between the molecule and the other constituents of a diet. The example of phosphopeptides shows that the efficacy of these molecules as a mineral vector is closely associated to the nature of the complexes formed. The physico-chemical properties of these complexes should be known in order to establish a relation between their structure and activity. This molecular approach of the problem is imposing itself more and more today as shown in the studies that have started appearing on the study of the mechanisms of action of bioactive peptides. 
